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abstract 

1 ^ iiKtabolism and DNA bindlne of A^'-nitrosonornicolinc (NNN) 
^ 4^Bielbylaitrosainino)-l'(3-pyridyi)-l-butartonc (NNK) by Cultured 
1344 r»( oral tissue and esophaKUs «er« Investigated over a range of 
^g^fcutratioos. The metabolites present In the culture media were sepa¬ 
rated by high performance fiquld chromatography and wm'e identifled by 
fomparfson to standards. <c-Hydroxylation of NNN, an esophageal car- 
major pathway for metabolism of this nltrosamine In 
goib tissues. The metabolites formed from 2'-hydroxy{at{(Hi were between 
3.0 and 3.9 times those formed from S'-hydroxylation, 2'-Hydroxy{atloa 
,c 5 nlts far a pyridytoxobutylatiog spcdes. DNA from esophagus cultured 
nilb |5-’n]NNN coutalned a pyridyloxobutylated adduct which upon acid 
^^ydrolywis released 3 J praol (S-^Hj-d-hydraxy-l-^S-pyridyti-l-butanooe/ 
f Bol guanine. DNA from oral llssac cultured under the same conditions, 
( the extent of metabolism was the same, contained no measurable 

|$.>H]NNN DNA adduct. This snecests that fa ct<HT, ye* nnimown, 
caasc the DNA ^ oral cari^ ti ssue to be protected from pyridyloxobo.- 
nta don OV NWm. The metabolism of NNK by ot-hydroxylation was as 
— tn.r^iA (Ikji tiie metabolism of NNN by this pathway la 
tech tissues. o-Hydroxylatioa of NNK results In either a mcthyUtfaig 
secies or a pyridyloxobutylatiiig species. DNA from oral tissue cultured 
with jC*HiINNK contained between 1.7 and dj pmol 7-methylguaDlae/ 
^BK>i guanine, respectively. No pyridyloxobutylated DNA (<0.2 pmol/ 
emol guanine) was detected in oral tissue incubated with [$-’H|NNK. 
The DNA from esophagi Incubated fvitb [C'HrINNK contained no 7- 
■ethylgnanioe (<0.d pmol/tnuol guanine). The level of pyridyloxobuty- 
htiaB of DNA rro m esophagi incubated with |S-*H]NNK was 0,17 pmol/ 
pmol gnanlne.fT^ ability of the esophagus to melaboUze NNN to a 
greater extent than NNK to a reactive species which pyridyloxobutylales 
DNA may he Important in determining the carcinogenicity of NNN In 
j I the esophagus. In cmntrast, the metabolism of NNK to a melbylaOng 
j species by oral cavity tissue suggests that this tobacco-sptcilk nitrosa- 
• aloe Is Important ia tobacco-related oral cavity carcinogenesis^ 

INTRODUCTION 

^ anccr of the oral cavity in humans is associated with smok¬ 
ing and the use of smokeless tobacco (1,2). The tobacco-speciiic 
nitrosamines NNN’ and NNK are ihe most abundant strong 
carcinogens in cigarette smoke and snuiT (3, 4). They are likely 
to be causative agents for oral tumors in snuff dippers. When 
these compounds are applied together to the oral cavity of F344 
rats, oral tumors are induced (5). This is the only known 
example of tumor induction in the oral cavity by tobacco 
constituents. However, it is not known whether both carcino¬ 
gens are necessary for tumorigenesis or if one would be suffi¬ 
cient. One goal of the present study was to compare the metab¬ 
olism and DNA binding of NNN and NNK in rat oral tissue in 
order to gain insight into the mechanism by which oral tumors 
are induced. 
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When NNN is administered in the drinking water or a liquid 
diet to F344 rats, esophageal minors and nasal tumors arc 
produced (6-8). Administration of NNK in (be drinking water 
induces tumors in the liver, lung, pancreas, and nasal cavity, 
but not in the esophagus (9). NNK has been shown to be a lung 
carcinogen in many different studies, independent of the route 
of administration (10). Therefore, this nitrosaraine is a likely 
candidate for the tobacco carcinogen which is responsible for 
lung cancer in smokers. Similarly, NhJN may be important in 
the induction of esophageal cancer in tobacco users. A second 
goal of this study was to compare the metabolism of NNN and 
NNK in the esophagus in order to determine why NNN but 
not NNK is tumorigenic to this tissue. Differential tissue me¬ 
tabolism may be an important factor in determining the tissue- 
specific carcinogenicity of nitrosamines. For example, studies 
on the metabolism and DNA binding of N-nitrosomethylben- 
ayiamine indicate that preferential hydroxylation of its benzyl 
carbon in rat esophagus may be one factor relating to its 
organospecifleity in that tissue (11, 12). 

The metabolism of NNN by cultured esophagus has been 
investigated previously (13). The major metabolites are formed 
by a-hydroxylation at either the 2' or 5' position of the pyrrol¬ 
idine ring (Fig I). NNK metabolism by the esophagus has not 
been reported preriously. NNK is metabolized by o-bydroxyi- 
ation, carbonyl reduction, or N-oxidation in the liver, lung, and 
nasal cavity of F344 rats (14-16). a-Hydroxyiation of NNK 
results in either a methylating species /2 or a pyridyloxobuty- 
lating species J (Fig. 2). .These intermediates can react with 
DNA to produce 7-mGua and 0*-n)Gua as well as pyridyloxo- 
buiylated bases (17, IS). Compound 3 is also formed by 2'- 
hydroxylation of NNN resulting in pyridyloxobutylated DNA 
(18). In this study, the metabolism of NNN and NNK as well 
as the levels of these DNA adducts were compared in oral tissue 
and esophagus cultured with {S-’HJNNN, (S-’HJNNK, and 
IC’H.JNNK. 


MATERIALS A.ND METHODS 

Chemicals 

[5-*H)NNN,(1 .06 ci/mmtjl), |S->H!NNK, (2.2 Ci/mmol), and (C’Hjj 
NNK (1,06 Ci/mmol) were purchased rrom Chemsyn Laboratories 
(Lenexa, KS). (5-’H]-4.Hydroxy-I^3-pyfidyl)-l-butanone (90.4 mCi/ 
mmol) was provided by Lisa Peterson (American Health Foundation) 
(19). The specific activities of (he nitrosamines were as provided or 
were calculated after dilution with unlabeled NNN and NNK, which 
were synthesized as described previously (20, 2 ■) and provided to us by 
Shantu Amin (American Health Foundation). NNN and NNK metab¬ 
olites were synthesized as reported previously (22-24). William's me¬ 
dium was purchased from Flow La^raiories (Rockville, MD), genta¬ 
micin from Schering (Union, NJ), and dexamethasope and insulin from 
Sigma Chemical Co. (St. Louis, MO). 

Animals 

Male F344 (250-350 g) were obtained from Charles River 

(Kingston, NY) and had access to NIH-07 chow and up HiO. 


’ To whom requests for reprints should be addressed. 

•The ahbccvUUons used are; NNN, At'-nitrosonofnicoirne; NNK, 4.(m«hyl' 
ttitrosamino)- t.<2'Pyridyt)-t -buianone; NNAL 4.<melhylni(ro$amino>- H3-pyri- 
dylVI-butanob 0*-methytgvjani(w; 7-mG«a, 7-niethylguinine; HPLC, 

high performanee liquid chromatography. 
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metabolism of NNN and NNK in ItAT ORAL nsstl£ 



Fig' ]. MeUtoVism dfNNN in ibe F344 fiL 


Metabolism of [S-^H|NNN and |5->H|NNK 

Animals were killed by decapitation and the oral tissue and esophagus 
were removed. Oral tissue was obtained from the inside of both cheeks, 
the roof of the mouth, and inside the lips and then trimmed of muscle 
and connective tissue. Tissues were cultured under conditions reported 
previously for culture of rat esophagus (13). Oral tissue fragments, 
ranging in size front 0.2 x 0.2 cm to O.S x 0.S cm were placed with the 
epithelial side up on a dry Metrical filter in a bO-tnm culture dish 
(Becton Dickinson, Lincoln Park, NJ). Each dish contained all the oral 
tissue from a single cat or half the tissue, as noted. When half the tissue 
Wats used, each fragment excised from the rat Was cut into two equal 
pottions. A sin^e esophagus was placed epithelial side up directly in a 
culture dish, the surface of which had been scratched 10 facilitate 
adherence of the tissue to the dish. Ussues were covered with 5 ml of 
Williams medium which was supplemented with 2 mM glutamine, 100 
fjg/ml gentamimn, 80 ^unils/ml insulin, and 0.4 /ig/ml dexatnethasone 
and contained cither (S-^H]NNN or [5-^H)NNK, The nitrosamines were 
added in 0.5 ml sterile saline or less. Control incubations contained {5- 
*HJNNK or IS-*H!NNN but not tissue. Or tissues which had been heated 
in boiling water. The dishes were placed in a controlled atmosphere 
Culture chamber atop a rocking apparatus in a 37*C warm room. The 
chamber was rocked at a rate of 10 rpm alternately exposing the tissue 
to the culture media and to the atmosphere (95% Oi/5% COi or 95% 
air/S% CO 2 , as noted). Aliquots of media, 0.4 ml, were removed from 
each dish at the indicated lime points and frozen at -20*C immediately. 
After 24 h the tissue and remaining media were removed and frozen. 
The amount of DNA present in these tissues was determined as de¬ 
scribed below. 

The following metabolism studies were conducted; 

Reproducibility of Metabolism of NNN and NNK in Oral Tissue. The 
oral tissue obtained from each of 4 rats was incubated with 11 ftM (5- 
>H)NNK (222 raCi/mmol) or 9.2 I5->H)NNN (221 ma/mmoi). 
The medium was analyzed by HPLC at 4 h and 24 h and the amount 
of each metabolite present was expressed as pmol/ug DNA. 


Time Course for the Appearance of Each Metabolite la Oral Th 
Incubated with ] aM IS-’HINNK or 1 nM 1S-^H|NNN. Aliquots of 
medium were removed it 0, 2, 4,10, and 24 h and analyzed by 
The tissue from a second rat was divided between 2 dishes and inenbu 
at 37*C in media without nitrosamine. After 24 h the mediuia a 
removed and fresh medium was added containing either 1 aM l5->( 
NNK or 1 uM |S-’H]NNN. Aliquots of the medium were analyjig 
and 24 h later. 

TioM Coarse of Esophagus Metabolism of 1.2 iM (5>’H|NNK or 1 
aM (S-’HJNNN. Aliquots of the media were removed at 1,4,8.24,« 
48 h for analysis by HPLC. Duplicate incubations were performed wi 
NNN and 5 separate incubations with NNK. 

Relative Ability of the Oral Ussiie and the Esophagus to MetaboK 
1 liM NNN or 1 aM NNK. The oral tissue from one rat was diridi 
equally between 2 dishes. Medium containing either I aM {S-’H]NN 
or 1 aM (5-*H]NNN was added to each dish. Esophagi were inenbatt 
under the same conditions. Duplicate incubations were run with eac 
nitrosamine. 

Metabolism of 40 aM I5-^H]NNK (220 nCI/minot) or |5-'HINN| 
(220 mn/mmol) by the Esophagus. Duplicate incubalians were pe 
formed for each nitrosamine and the medium was analyzed at 4 and 2 

h. 

Metabolism of 4-Hydroxy>I-<3-pyridy[>-l-butanaae S by Cahared Ri 
Oral Tissue. The incubation conditions were the same as those describe, 
above. One-half of the oral tissue obtained from 1 rat was used in cari 
of 4 incubations in media containing [5-^HJ-4.hydroxy-l'-(3-p} l)-i 
bulanone at a final concentration of 0.1, 0.2, 0.8, or 1.7 ftM. TV 
medium was analyzed by HPLC at 4 h and 24 h. 

DNA Binding of |5-Tl)NNN, IS-TllNNK, and lC?Hj|NNK 


Oral tissue was obtained from 12 rats. Tissue from 2 rats was placed 


on a filter in a single dish with 5 ml of media. (5.’H]NNK (1.69 C3/ 
mol) was added to 3 dishes to linai concentrations of 11,45, and 100 
mm and (S-^HINNN (0.82 Ct/mol) to 3 dishes to final concentrations 
of 9.1, 46, and 108 «M. Tissues were incubated as in the metabolisa 
studies. After 6 h, 0.S ml of media was removed and frozen for analysis 
of metabolites. After 24 h, the remaining medium was removed and 
frozen. The tissue was washed extensively with saline until there i 


less than 200 dpm/ml wash. The tissue was then frozen at —20*C until 
DNA was isolated. 

Oral tissue from 6 rats, divided between 3 dishes, was incubated with 
114^ {C’H}]NNK for 24 b at 37‘C. The tissues were washed and the 
DNA iw isolated front the pooled tissue. The DNA (500 fig) was 


o NO 0 NO OH NO 



Fit- 2. Msubaiism of NNK in the FJax raL 
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in t mi sodium cacodylate (10 mM, pH 7) ind the solution 
divided in half, NaOH (I NtO.lii ml) was added to half the sample, 
fnd the solution was left at room lemperaturt for 24 tv, the other half 
nas frozen. Both samples were analyzed for [’H]-7'mGua after neutral 
ihermal hydrolyses and subsequently <?‘-mGua after acid hydrolysis 
( 25 ). In a second experiment, the oral tissue from 4 rats was incubated 

2 culture dishes, one with lOO mM [C^HjJNNK and a second with 10 
(C’HJNNK for 24 h at 37'C. The DNA obtained from the oral 
^ue from each dish was analyzed for (^HJ-7-mGua and ['HJ-O'-mCu*- 
-flie levels of methylated bases were determined by HPLC analysis with 
,jeiectH>a by a radioactive flow detector (Radiomalics Instruments, 
Tamp*t FL)- Two HPLC systems were used. One was (hat of Herron 
and Shank (25). The second separated the bases on a Strong cation 
aschange column (Whatman Partisil 10; 4.6 x 25 cm) eluted with 
solvents A (0.02 M ammonium farmate.6% methanol) and B (0.2 M 
ammonium fbnnate-8% methanol) with a gradient from 100% A to 
g0% A, 20% B in 30 min. The flow rate was I.O ml/min. 

Tor each esophagus DNA binding experiment, esophagi from 10 rats 
were cultured, 2/dish in S ml of media, under the same conditions used 
for the oral tissue experiments. (5-’HJNNN (40 pCi/ml, 1.06 riCi/nmol, 
40 pM), [S-’HjNNK (40 pa/mU 3.2 uCt/nrool, 12.5 um), or (C'Hs] 
NNK (40 ;iCi/ml, 1.06 /iCi/nmol, 40 im) were added to the culture 
media and incubations were carried out for 24 h in an atmosphere of 
5% COi in air. At the end of the incubations, the esophagi were removed 
and immediately frozen upon dry ice until DNA isolation. 

Di Vnalysls 

DNA was isolated by DEAE HPLC as described previously (26). 
Briefly, the tissue was homogenized, treated with protease and sodium 
dodecyl sulfate, and then extracted with CHClpisoamyl alcohol (24:1). 
The aqueous layer was injected on to a DEAE HPLC column and the 
peak containing DNA was collected. For metabolism studies, the 
amount of DNA present in the tissue was deleimined by measuring the 
UV absorbance at 260 nm of this fraction, based on Att* t.O for a 
concentration of 50 iig/ml. To measure the DNA binding of NNN and 
NNK metabolites the collected DNA solution was lyophilized and 
analyzed for [*H}-7-mGua or [5-’H]hydroxy-l.(3-pyridyl)butanoiie re¬ 
leased on acid hydrolysis (l8). 

Analysis of Metabolites 

An aliquot of the media was mixed with reference metabolites and 
analyzed by HPLC with radioflow detection (Radiomatics Iiistni- 
ments). The metabolites were separated on a Waters CirpBondapak 
column (Mtilipore, Milford, MA) with a linear gradient from 100% 20 
mM potassiuin phosphate buffer, pH 7.0 (A), to 70% A-30% methanol 
in 60 min. Metabolites 5. 7, S, and 9 were collected and their identities 
were confirmed by chromatography using a dUTercnt solvent system 
Ci ^ ! which solvent A was 20 mM sodium acetate, pH 4.5. and solvent 

B K. . 50% HiO-50% metbanoL Metabolites were eluted whb a linear 
gndient from 100% A to 50% A, 50% B in 50 min, after 10 min at 
100% A. In the esophagus metabolism studies, the NNK N-oxide was 
confirmed by normal phase HPLC using the system described previ¬ 
ously (IS). 


RESULTS 

Cultured oral tissue from F344 rats metabolized both NNN 
and NNK. Metabolites of each nitrosamine were released into 
the media. Representative chromatograms obtained from 
HPLC analysis of the media 4 h after incubation with 
NNK or [5-'HjNNN arc presented in Fig. 3. Samples were 
CO injected with a standard mixture of metabolites, which were 
detected by UV absorbance. The retention times of these me¬ 
tabolites are marked. The amounts of each metabolite present 
in the media after a 4-h incubaiion with either NNN or NNK 
arc listed in Table 1. The variation in metabolism between rats 
was 15% or less. The formation of these metabolites from either 
nitrosamine increased with time of incubation from 2 to 24 h 



Ftf. 3. HPLC chrsaulognm ni«uballt«i of I «,m (S-’H)NNN (4) and 
1 iiM (S>’H|NNN (fi) focmed by cultund nt oral tiaaue after 4 h. The numbeicd 
peaks correspond to the roetiboliies ia 1 and 1. 


Table 1 Fornuiion ef SSS onA SSK mefoboiitft in 4 k byFS44 rai oraltiuae^ 



pmol/ug DNA* 


NNN 

NNK 

Hydroxy add (9) 

5.29*0.70 

NDV 

Ke!o«eid(7) 

T.27 ± 1.14 

1.45 ±0.19 

AMJxide' 

0.54 ± 0.07 

0.«4±0.|g 

DioKS) 

1.56*0.12 

ND 

Keio alcohol (5) 

10.9±0.6g 

0.48*0.13 

NNAL 


12.5* 1.52 

NNN or NNK' 

1S0±17 

149*30 

Products of tffhydroxyUtioo 

25.0 

1.9 


* The oral tissue from a sinxie rat was incubated for 4 h wiib either 9.2 pM IS- 
IMNN or H uM JS-*HINNK io an atmosphere of 9S» air/S* CO^ 

* Mcaa ± SD of 4 rata. 

' NO, not detected. <0.2 pmol/ng. 

^NNN-l-N-oaide or NNK-l-iV-oxide, lespecliveiy. 

* Amount of paKRt compound remaining. 



Tiine(ll) 

Fig. 4. Formation of NNK and NNN metabolites by cultured rat oral tissue 
as a funetioD of time. 


(Fig. 4). Preincubation of oral tissue in media at 37*C for 24 h 
prior to the addition of NNN had little effect on its metabolism. 
In contrast, the extent of <z-hydroxylation of NNK by tissue 
which had been cultured 24 h before the addition of NNK was 
decreased 20-30% relative to its metabolism by tissue which 
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was not preincubated. The amount of NNAL produced in* 
creased 2-fold (data not shown). 

The pathways by which NNK. is metabolized in other tissues 
have been determined as outlined in Fig, 2. The same pathways 
were found to exist in oral (issue. The major metabolite of 
NNK was NNAL. This product of carbonyl reduction ac¬ 
counted for 75% of the metabolites formed under these condi¬ 
tions- Further metabolism of NNAL was not observed under 
the conditions studied here. Neither hydroxy acid P nor diol S 
was formed. These are products of o-hydroxylation of NNAL. 
A'-Oxidation of NNK was also observed in the oral tissue. Two 
products of a-hydroxylation, keto alcohol J and keto acid 7, 
were formed. Keto acid 7 is not a primary product of a- 
hydroxylation; it may form from either keto aldehyde 7/ or 
keto alcohol. In cultured rat esophagus, it was demonstrated 
that keto acid formed by oxidation of keto alcohol 5 (13). In 
the present study the same activity was found to exist in cultured 
oral tissue. When [5-*H]keto alcohol S was incubated with oral 
tissue at concentrations ranging from 0.1 to 1.7 ^ for 24 h, 
between 25 and 40% of this compound was converted to keto 
acid 7 (Table 2). There was also 10% conversion to diol 8, 

The metabolism of NNN b illustrated in Fig. 1. Hydroxyi- 
ation of the 2' carbon results in the formation of keto alcohol 
5 which in turn b converted to keto acid 7 and diol 8. These 
metabolites were all formed from NNN by cultured rat oral 
tissue. The product of 5'-hydroxylation, hydroxy acid P, was 
also a major metabolite. NNN oxide 7 was formed in small 
amounts. The appearance in the media of a radioactive peak 
which coeluted with norcotinine 2 was also measured when 
NNN was incubated with this tissue. The identity of tbb com¬ 
pound has not been confirmed. The formation of each of these 
metabolites increased with time, from 2 b to 24 h (Fig. 4). 

In rat oral tissue, the products of 2'-hydroxylation of NNN 
were 3.9 times more abundant than the hydroxy acid P formed 
by 5''hydroxy1ation (Table 1). The total a-hydroxylation of 
NNN was 13 times greater than that of NNK when the concen¬ 
tration of each nitiosaraine was 10 nM (Table 1) and 6 times 
greater when the concentration of each was 1 /tM (Table 3). At 
1 (iM NNK, the total amount of a-hydroxylation of NNK 
relative to carbonyl reduction of NNK to b^AL was much 
greater than that at lO ^m. This was particularly obvious at the 
4-h time point, where the level of NNAL was 1.3 times that of 
the products of a-hydroxylation at 1 nM NNK, but 6.2 times a- 
hydroxylation products at 10 ftM NNK. 

The relationship of nitrosamine concentration to the extent 
of metabolism was investigated further. Tissues were incubated 
with 10, 45, and 109 mm NNN and NNK. The metabolites in 
the media were determined after 6 h. These data are presented 


TiWe 2 MttaboUsmofIS*HJ.4-kydroxr'l.(3-fyridyi).l.l>utaiioia 
_ (kefO afeohoi 5} by cuHuj^ F^44 rat onU 


% nnchuiged 

% of canvenioa to meUboHfes* |Kclo alcobol 

tfii 


Keto 

alcohol (5) 
OtM) 

KclvuciCtT) 

Diol (4) 



4h 

24 h 

4h 

24 h 

4h 

24 h 

a.i 


25 

0.0 

10.0 

71 

29 

0.2 

9.9 

40 

IJ 

8.7 

77 

36 

o.s 

lOJ 

42 

1.7 

9.3 

t2 

39 

1.7 

10.2 

36 

1.9 

9.6 

83 

41 


* Kiff the (3ral tissue from one nl was incubated with |5-’H|*4'hydroKy«1^3- 
pyridyiVl^unotK at cadi of the concentnifons indtcatcd* at 37*C under ta 
atmosphere of 95% Oi/5% CO). 

* The metabolites rrkased in the media were analyzed after 4 h and 24 h by 
HPLC and are expressed as percenUse of the total radtoacUvity present in the 
media. 


Table 3 M€iabc(hm of / ttM SNS or SNK by F344 roi oral fissut or esopka^^ 

pmol metabolrte^^f DNA* 


Oral tissue 


Esophafus 


Melibolhes 

4h 

24 h 

4 h 

24 h 

NNN 

Hydrdxy ecid <9| 

2.} 

10.1 

1.6 

7.1 

Ket« Kid (7) 

3.7 

16.4 

3.S 

16.2 

NNN-I N-oxkk 

0.29 

0.SS 

0.08 

0.68 

Diol (J) 

0.47 

2.9 

0,17 

0.6$ 

Keto fimhoi <51 

3.6 

12.1 

1.4 

1.6 

Products of avhydroxyUtion 

12.3 

41.3 

6.7 

23.6 

NNK 

Hydroxy icid (9) 

<0J0 

0.20 

Niy 

o.is 

Keto Acid (7) 

0.93 

5.02 

1.1 

6.6 

NNAL oiMk 

0.27 

l.l 

OJ 

2s8 

Dbl (9) 

ND 

ND 

ND 

0.16 

NNK Olid* (/C) 

11 

7.2 

S 

lU 

Keto jkohol (3) 

1.0 

17 

1.6 

12 

NNAL 

2.46 

l«.2 

1.9 

8.4 

Products of o-hydroxytslkm 

1.93 

7,9 

2.7 

9.1 


* Tissues were incubated with 1 >(M {5'^H|NNK or 1 ^ I^'H| ai 37*C under 
an atmosphere of 99% S% COi* The medhim was analyzed fay HPLC at 4 
and 24 h. 

* The amount of each metabolite if the amate of two incubatlom. 

* ND, not detected. 


Table 4 Frmnniion e/'AWV and SNK metaMUes by FS44 mi dm/ rutue^ 


Meisbollte 


NNN* 



NNK 


9.1 kM 

46,iM 

109^ 

Umm 

45 

10 

Hydroxy add (9) 

6.7 

IS.2 

16J 

0.06 

0.16 

0.40 

Keioscid(7) 

7.1 

14.9 

16.1 

2.1 

5.6 

7,0 

N-Oxide' 

0.3 

1.4 

1.5 

0.57 

1.6 

0.4 

Diol (6) 

11 

5.7 

5J 

0.11 

0.85 

0,7 

Keto tl»M (5) 

IZ3 

33J 

34i) 

0.83 

1.1 

2.2 

NNAL 




30 

121 

28$ 


* Ttssi>e was incubaied with the indicated coAcentrationaof J5<’H]MNNor (5- 
’^|NNK it 37*C under an atmosphere of 95% alr/S% CO>. At 6 h the media 
were analyzed by HPLC 

* The amount of each metabolite Is expressed as pmol/^f DNA. 

* NNN-l^y-oxide or NNK-l-Y-oxide* respectivety. 


in Table 4. The total amount of NNN metabolites increased 
2.S-rold wben the concentration of NNN was increased from 
11 fiM to 45 mm but did not increase further when the NNN 
concentration was increased from 45 mm to 109 mM. In contrast, 
when the concentration of NNK in the media was increased 
from 11 mM to 45 mm to 109 mM, the amount of NNAL increased 
proportionally. The a-hydroxylation products increased only 
3.2 times when the concentration of NNK was increased 10- 


fold. This relationship is illustrated in Fig, 5. 

After 24 b of incubation, DNA was isolated from the oral 
tissue used in this study. The amount of each metabolite fo d 
at 24 h was 2-foId greater than that measured at 6 h. The DNA 
was analyzed for total binding and the release of keto alcohol 
5 after acid hydrolysis. In the lung and liver of animals treated 
with [5-’HjNNN and (5-’H]NNK, this compound has been used 
as a measure of pyridyloxobutylation of DNA. Acid treatment 
of the DNA from these tissues resulted in 50% of the bound 
tritium being released as keto alcohol 5 (18). This modiFication 
occurs when (he electrophilic metabolite 3, formed from 2'- 
hydroxylation of NNN or hydroxylation of the methyl group 
of NNK, reacts with DNA. We were unable to measure any 
pyridyloxobutylation of the DNA from oral tissue incubated 
with either {S-’HJNNN or (S-»H]NNK. Our limit of detection 
for keto alcohol was 0.22 pmol/Mmol guanine from NNN and 
0.16 pmol/Mmol guanine for NNK. 

a-Hydroxylation of NNK also produces a methylating species 
12 which has been shown to form 7-mGua and 0‘-mGua in 
DNA of several other tissues (17). The formation of these 
methylated guanines was studied in cultured rat oral tissue by 
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Ft*. $. Fonniiion of lOUl «-bydroxylaiioa producit of NNN {•) and NNK 
(p) uid fooDition of NNAL (□) by cultured oriJ tissue is i functiou of aitrosa* 
piine coRceatntioa. The time onncubilioD was 6 h. except for 1 «iM concenin- 
tiooSi. which was 4 h. 

incubation of the tissue with [C’HjjNNK for 24 h. When the 
f"'centration of NNK was 10 uMi the level of 7-mGua present 
NA was 1.7 pmol/untol guanine and when the concentra¬ 
tion was increased to 100 ;im, the levels were 4.1 and 4.6 pmol/ 
^imot guanine in 2 separate determinations. The identity of the 
radioactive peak was confirmed by coelution with standard 7- 
mGua in two HPLC systems. Also, this tritiated base was lost 
from DNA upon treatment with NaOH prior to neutral thermal 
hydrolysis. f^-mGua was not detected in the mild acid hydrol¬ 
ysate of the PNA from either experiment. The limit of detection 
was 0.3 pmol/pmol guanine. 

The metabolism of I pM NNK by cultured rat esophagus was 
similar to its metabolism by the oral tissue. These data are 
presented in Table 3 and are expressed as pmol/^K DNA to 
allow comparison between tissues. The same metabolites were 
formed and the amount of all increased with the time of 
incubation (Fig. 6). The striking difference between the two 
tissues was that the major metabolite in the esophagus at 1 
NNK was NNK oxide, not NNAL. The total o-hydroxylation 
of NNK was less than that of NNN, as it was in the oral tissue. 
At a concentration of I mM, NNN a-hydroxylation was 2.5 
times greater than oc-hydroxylation of NNK. When the nitro- 
■line concentrations were increased to 40 j/M the ratio of o- 
.roxylation of NNN to NNK increased to 10.2 (Table 5). 

/n vitro DNA-bindIng studies were conducted by incubating 
the esophagus with {5-’H]NNN, [S-’HJNNK, or [C’HjJNNK 
for 24 h, Pyridyloxobutylation of DNA was determined by the 
amount of keto alcohol 5 released after acid hydrolysis. With 
NNN the level was 3.8 pmol/Mmol guanine and with NNK the 
level was 0.17 pmol/pmol guanine. No methylation of DNA 
was detected when the esophagus was incubated with [C’Hjj- 
NNK. The limit of detection for 7-itiGua was 0.4 pmol/;<moI 
guanine. 

DISCUSSION 

In the present study, we have demonstrated the ability of 
tissue obtained from the oral cavity of F344 rats to metabolize 
both NNN and NNK, the most abundant strong carcinogens in 
smokeless tobacco. In rat lung and liver, a-hydroxylation of 
NNN or NNK has been shown to produce metabolites which 



Fia. e. Formnioii of NNK uhI NNN netabolitM by cultured rat esophagus 
as a Function of lime. 
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pmol/ml** * 


NNN 

NNK 

4h 

24 h 

4h 

24 h 

Hydroxy icid (9) 

»3S 

UIO 

NO' 

ND 

Keto xcid (7) 

1,6S0 

4,340 

203 

609 

A'-Oxid*' 

ND 

ND 

iOS 

787 

Diol(4) 

l«S 

397 

NO 

ND 

Keto alcohol (J) 

1.0S0 

1J30 

30 

121 

NNAL 



2,080 

15.900 

Toul a-hydroxyluiiM 

Xioo 

7.480 

238 

730 


* Esophap (m ^ 2) were incubated with either 40 icM {S*^H)NNN (220 mCi/ 
mmoi) or 40 fiM {5>^H]NNK (220 md/mmot) at 27*C under nn atmosphere of 
9$% (VS% COg. 

^The medium was analyzed for metabolites at 4 and 24 h by HPLC; values 
are the average of 2 incubations. 

' Each incubation contains S ml media and 1 esophagus which t>'pically 
contains X20 to 140 m* of DNA. 

^ ND, not detected. 

' NNN-1 -N-oxide or NNK-1 -N-oxide, respectively. 

result in the DNA modifications considered to be important in 
the carcinogenicity of these compounds (10). In cultured oral 
tissue, the extent of NNN metabolism by a-hydroxylation was 
much greater than the metabolism of NNK by this pathway. 
This was true when concentrations of the nitrosamines ranged 
from 1 to 100 uM {Fig. 5), This suggests either that two different 
enzymes are responsible for the hydroxylation of these com¬ 
pounds or that there exists a single enzyme with different 
affinities for NNN and NNK. Which is true remains to be 
determined. 

The maximum difference in the metabolism of these nitro¬ 
samines in oral tissue occurred at a concentration of 10 ^m. At 
both higher and lower concentrations, the total amount of a- 
hydroxylation of NNK increased relative to that of NNN. One 
explanation for this is the presence of 2 enzymes which cx- 
hydroxylate NNK. One enzyme with a high affinity for NNK 
is capable of efficiently metabolizing this compound at concen¬ 
trations of 10 mm or less. However, at higher concentrations, 
this enzyme becomes saturated and a second enzyme with a 
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lower affinity for NNK begins to operate. The presence of a 
high afTinity enzyme in the lung has previously been suggested 
to explain the relatively high level of DNA methylation in this 
tissue when NNK is administered to rats at low doses (28, 29). 
Despite the possible existence of an enzyme with a high affinity 
for NNK in the oral tissue, the cate of metabolism of NNN was 
greater at all concentrations. 

There are two sites of a-hydroxylation of NNK (Fig. 2). One 
is the methyl carbon, hydroxylation of which produces a pyri- 
dyloxobutylating species 3 and formaldehyde. The second is 
the methylene carbon. Hydroxylation of this site produces 
melhyldiazohydroxide 13, a methylating species, and keto al¬ 
dehyde 11, which is oxidized to keto add 7. it is not possible 
to clearly distinguish between these two pathways when meas¬ 
uring the metabolites produced in tissue culture. After a 24<h 
incubation, between 25 and 40% of the initial concentration of 
keto alcohol 5, the product of one pathway was converted to 
keto acid 7, a product of the second pathway (Table 2). There¬ 
fore. If the keto acid was formed only from the keto alcohol, 
one would expect the keto acid:keto alcohol ratio to be 40:60. 
This was not the case. The amount of the keto acid formed was 
almost twice the amount of keto alcohol. Therefore, a signifi¬ 
cant amount of keto acid 7 must form directly from the keto 
aldehyde 11, which is produced with methyidiazohydroxide. 

This conclusion is supported by the presence of 7-mGua in 
the DNA of oral tissue which had been incubated with [C’Hj]- 
NNK. When [S-’H]NNK was incubated with oral tissue under 
identical conditions, no pyridyloxobutylation of DNA was de¬ 
tected. In *ivo studies have demonstrated that the ratio of 7- 
mGua to pyridyloxobutylated DNA is between 7.5 and SO in 
the lung and liver of NNK-treated rats (29). If pyridyloxobuty¬ 
lation had occurred, we would have detected it at one-twentieth 
the level of 7-mGua. Surprisingly, we were also unable to detect 
any pyridyloxobutylation of oral cavity DNA by NNN in vitro 
even though the metabolic activation of this compound by «- 
hydroxylation was 10 times as great as that of NNK. If all the 
a-hydroxylation of NNK produced methyidiazohydroxide, the 
amount of this metabolite would still be much less than the 
amount of the pyridyloxobutylating species formed during 
NNN metabolism. Therefore, it appears that the DNA of the 
oral cavity of F344 rats is less susceptible to pyridyloxobutyia- 
tion than to methylation. 

The metabolism of NNN and NNK by cultured esophagus 
was similar to that by the oral tissue. In esophagus the o- 
hydroxylation of NNN was greater than the metabolism of 
NNK by this pathway. One s^ient feature of the metabolism 
of NNK by the esophagus was the large amount of N-oxidation. 
In contrast, iV-oxidation of NNN was a minor pathway. The JV- 
oxide of NNN is much less active as an esophageal carcinogen 
than NNN (7), and in mice, NNK oxide is much less active as 
a lung carcinogen than NNK (30). Therefore, iV-oxidation of 
these nitrosamines has been regarded as a detoxification path¬ 
way. If N-oxidation of NNK is a rntyor pathway of NNK 
metabolism in the esophagus in vivo, this might contribute to 
the lack of carcinogenicity of NNK in the esophagus. In this 
study, the low level of methylation and the lack of pyridyloxo- 
fautylation of esophageal DNA by NNK is consistent with this 
hypothesis. Alternatively, efneient repair of DNA adducts 
formed by NNK could explain the low levels. 

In contrast to the oral tissue, pyridyloxobutylation of esoph¬ 
ageal DNA by NNN was detected. As in the case of the 
esophageal carcinogen N-nitrosomethylbenzylatnine (12), the 
esophagus contains an enzyme which can metabolize NNN at 
a high rate. This or a similar enzyme was also present in oral 


cavity tissue and generated similar levels of pyrldyloxobutylji 
ing species. However, other factors, such as efllcient repajf g 
DNA adducts in this tissue, which are as yet unknown must h 
responsible for the lack of DNA adduct formation by NNN ii 
the oral tissue. Therefore caution should be taken in atteraptinj 
to relate rates of metabolism to DNA binding. 

In summary, NNN, an esophageal carcinogen in the rat, wa: 
metabolized by this tissue to a species which pyridyloxobuty 
lates DNA. In the oral tissue, however, in which the extent o 
metabolism of NNN was the same, no DNA adduct was de 
tected. In contrast, NNK methylates oral cavity DNA in vitn 
but not the DNA of cultured esophagus. Therefore, despite thi 
fact (hat there is more metabolism of NNN than of NNK b 
the oral tissue, methylation of ora! cavity DNA by NNK i 
more likely to occur in vivo than DNA adduct formation b 
NNN, suggesting that NNK may be more important than NNh 
in oral cavity tumor induction by tobacco pr^ucts. To confim 
this concept, it is necessary to study the formation of DN/i 
adducts IJI vivo by these two compounds. 
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